Abstract: By selecting the core materials and grafted-hair polymers, hairy particles with polymer brushes can create various types of functional materials. In recent years, polydopamine (PDA) particles that are obtained by polymerizing dopamine, which is an amino acid derivative, have attracted attention for various applications. Herein, we present a novel approach for creating photonic and magnetic materials from hairy PDA particles. By grafting a hydrophilic hair polymer, we have succeeded in producing photonic materials capable of structural color changes. Furthermore, we have demonstrated the preparation of magnetic materials by immobilizing holmium, which is one of the lanthanide elements, by electrostatic interactions onto a cationic hair polymer. These results demonstrate the possibility of hairy PDA particles for a wide range of applications, such as for photonic and magnetic materials.
Introduction
The development of photonic materials is an attractive topic in materials science due to the numerous applications and scientific importance of these materials [1] [2] [3] . Structural color materials are types of photonic materials and are based on the optical interaction between light and submicron-sized structures [4] [5] [6] . There are several types of structures that produce structural colors, for example, reflection, diffraction, interference, and diffusion. Many studies are currently underway examining structural color using diffusion by the assembly of colloidal particles [7] . While silica particles or polymer particles, such as polystyrene particles, are usually used as components, these particles exhibit light scattering, giving rise to milky white colors. To overcome this drawback, studies have been reported in which the scattered light is suppressed so as to produce a bright structural color by adding light absorbing black materials (e.g., carbon black) [8] [9] [10] .
In contrast, we have developed methods for the preparation of structural color materials using artificial melanin particles with light absorbing abilities as a single component [11] [12] [13] [14] [15] . While melanin is well known as an ultraviolet absorber, it is also an important material in the structural color of organisms. A well-known example of a melanin-based structural color includes the color that is produced by male peacocks' feathers [16, 17] . In the case of peacock feathers, iridescent structural color is produced by arrays of rod-like melanin granules [16, 17] . We have successfully demonstrated the preparation of monodisperse polydopamine (PDA) particles (artificial melanin particles), which mimic melanin granules, as well as their use as a component of bright structural color materials [11] .
In recent years, there has been enhanced interest in hairy particles, which have unique properties, by observing these types of core materials and polymer brushes. Hairy particles are particles containing grafted polymers on their surface, and they are usually obtained by "grafting from" or "grafting onto" processes, using functional hair polymers [18] [19] [20] . While PDA particles are useful as photonic materials (vide supra), to our knowledge, there is no report on the synthesis of hairy particles with PDA particles being used as the core.
In this paper, we describe the preparation of hairy PDA particles in order to create functional photonic and magnetic materials. The core PDA particles with atom transfer radical polymerization (ATRP) initiating groups, called P(DA-BiBB) particles, were prepared by the self-oxidative polymerization of dopamine (DA) and ATRP initiator bearing-DA. The monomer (i.e., 2-hydroxyethyl methacrylate (HEMA) or N,N-dimethyl-N-n-dodecyl-N-2-methacryloyloxyethyl ammonium bromide (C 12 DMAEMA)) was then polymerized onto the P(DA-BiBB) particles using surface-initiated ATRP. The structural colors from the P(DA-BiBB) particles and PHEMA-bearing particles, such as the P(DA-BiBB)-g-PHEMA particles, were investigated. We also demonstrated the preparation of magnetic materials by immobilizing holmium (Ho) [21, 22] , which exhibits a high magnetic moment, onto the C 12 DMAEMA-bearing particles, called P(DA-BiBB)-g-PC 12 DMAEMA particles, using electrostatic interactions. The results show the usability of hairy PDA particles as synthetic platforms for photonic and magnetic materials.
Materials and Methods

Materials
Dopamine hydrochloride (DA), tris(hydroxymethyl)aminomethane (Tris), holmium (III) chloride hexahydrate (HoCl 3 ·6H 2 O), 2-bromoisobutyryl bromide (BiBB), N,N-dimethylformamide (DMF), 2-hydroxyethyl methacrylate (HEMA), triethylamine (TEA), copper (II) bromide (CuBr 2 ), sodium L-ascorbate, and methanol were obtained from Kanto Chemical Co., Inc., Tokyo, Japan. Deionized water with a resistance of 18.2 MΩ·cm was obtained by passing water through a Millipore Simplicity UV system. Tris[2-(dimethylamino) ethyl] amine (Me 6 TREN) [23] and N,N-dimethyl-N-n-dodecyl-N-2-methacryloyloxyethyl ammonium bromide (C 12 DMAEMA) [24] were synthesized according to methods reported in the literature. All of the other chemicals and solvents were of reagent grade and were used as received.
Measurements
The Fourier transform infrared (FTIR) spectra were measured using an IR spectrophotometer (FTIR-420; JASCO Co., Tokyo, Japan). The hydrodynamic diameter (D h ) of the particles in water was measured using dynamic light scattering (DLS) (ELSZ; Otsuka Electronics Co., Ltd., Osaka, Japan). Scanning electron microscopy (SEM) micrographs were obtained using a scanning electron microscope (JSM-6510A; JEOL Ltd., Tokyo, Japan) operated at 15-20 kV, with an energy-dispersive spectroscopy (EDS, EX-94300S4L1Q; JEOL Ltd., Tokyo, Japan). A reflection spectroscopy was performed using a spectrophotometer (V-650; JASCO Co., Tokyo, Japan) equipped with a reflection spectroscopy unit (ARSV-732; JASCO Co., Tokyo, Japan). The thermogravimetric (TG) analysis was performed in air at a heating rate of 10 • C min −1 using a thermogravimetry/differential thermal analyzer (TG8120; Rigaku Co., Tokyo, Japan).
Synthesis of DA-BiBB Solution
ATRP initiator bearing-DA, DA-BiBB, was obtained according to our paper [25, 26] . Briefly, DA (1.60 g, 8.44 mmol), BiBB (2.08 mL), and TEA (2.35 mL) in DMF (80 mL) were stirred for 2 h at room temperature with nitrogen, producing the DA-BiBB solution.
Preparation of ATRP Initiator-Bearing PDA Particles
The DA (1.80 g, 9.49 mmol), Tris (14.4 g, 119 mmol), and water/methanol (4/1) solution (1170 mL) were placed in a 2 L flask, and the mixture was stirred at 30 • C. After 15 h, the DA-BiBB solution (60 mL) was added to the mixture, and the mixture was further stirred at 30 • C for 9 h. The ATRP initiator-bearing PDA particles were separated and purified repeatedly by centrifugation (14,500 rpm for 20 min) and were redispersed in deionized water, yielding the P(DA-BiBB) particles.
Preparation of Hairy PDA Particles
Monomer (HEMA (0.13 g, 1.0 mmol) or C 12 DMAEMA (0.55 g, 0.35 mmol)), CuBr 2 (26.8 mg, 0.12 mmol), Me 6 TREN (27.6 mg, 0.12 mmol), and P(DA-BiBB) particles (40 mg) dispersed in deionized water (33.4 mL) were placed in a glass tube. The mixture was deoxygenated by purging with nitrogen for 30 min, and was placed in a water bath at room temperature. A nitrogen-purged aqueous solution of sodium L-ascorbate (1.20 mL, 0.12 mmol) was added to the mixture. After 24 h, the polymerization was stopped by purging with oxygen, and the particles were separated and purified repeatedly by centrifugation (14,500 rpm for 20 min) and redispersion, yielding the hairy PDA particles (i.e., the P(DA-BiBB)-g-PHEMA particles and P(DA-BiBB)-g-PC 12 DMAEMA particles.).
Preparation of Magnetic Hairy PDA Particles
P(DA-BiBB)-g-PC 12 DMAEMA particles (30 mg) and HoCl 3 ·6H 2 O (0.51 g, 1.34 mmol) in methanol (25 mL) were stirred at room temperature. After 6 h, the particles were separated and purified repeatedly by centrifugation (14,500 rpm for 20 min) and redispersion with water, yielding Ho-bearing particles. The synthesized product is designated as the P(DA-BiBB)-g-PC 12 DMAEMA*Ho particles.
Production of Structural Colors from the Assembly of Particles
P(DA-BiBB) or P(DA-BiBB)-g-PHEMA particles (10 wt%) in quartz cells were directly centrifuged at 1500 rpm for 12 h so as to check for the appearance of structural colors. Figure 1 shows a synthetic route for the hairy PDA particles. Firstly, ATRP initiator-bearing PDA particles, P(DA-BiBB) particles, were prepared by DA polymerization. To selectively introduce a polymerization initiating group to the particle surface, it is useful to add DA-BiBB at later stages of polymerization. We measured the particle diameter change in the PDA particles over time. As has already been reported, the polymerization of DA was carried out in a mixed solvent of water/methanol to produce monodisperse PDA particles [11] . The diameter of the PDA particles was gradually increased while increasing the reaction time, and reached a plateau after approximately 12 h (Figure 2 ). Then, DA-BiBB was added by the shot method 15 h after the start of polymerization. The introduction of the initiating groups onto the surface of the PDA particles was confirmed using IR spectroscopy ( Figure 3) . A characteristic signal of 1700 cm −1 , corresponding to the C=O vibration mode of the BiBB part (peak marked with an arrow with a blue line in Figure 3 ) was obtained, and the introduction of the polymerization initiating group was confirmed.
Results and Discussion
Preparation of ATRP Initiator-Bearing PDA Particles
Control of Structural Colors
The P(DA-BiBB) particles were used as substrates for SI-ATRP in order to generate hairy PDA particles. HEMA was selected as a monomer for the structural color materials. The P(DA-BiBB) particles were dispersed in a HEMA solution, and SI-ATRP was conducted for 24 h at room temperature. After polymerization, the particles were separated by centrifugation. The major peaks at 1715 cm −1 (C=O stretching vibration), which are presented in Figure 3 with a green line, indicated the presence of PHEMA on the PDA particles. Figure 4a,b shows the SEM images of the resulting particles. Monodispersed P(DA-BiBB) and P(DA-BiBB)-g-PHEMA particles were obtained with an average particle size of ca. 146 and 168 nm, respectively. As the SEM image of the particles indicates, the diameter distribution (coefficient of variation (CV)) of the particles was ca. 7%. After grafting the PHEMA, the dried hairy PDA particles have coarser surfaces than the P(DA-BiBB) particles, but they apparently maintain monodispersity. The volume-average diameters of the P(DA-BiBB)-g-PHEMA particles in water, as measured by DLS, are ca. 220 nm, which are larger than the ca. 173 nm of the core P(DA-BiBB) particles, indicating that the P(DA-BiBB)-g-PHEMA particles have hydrated PHEMA layers of ca. 24 nm in thickness (Figure 4c ). The particles obtained were well dispersed in the water. As shown in Figure 4d , the water dispersion of the P(DA-BiBB) and P(DA-BiBB)-g-PHEMA particles showed black colors, which is a typical absorption color of PDA.
Photonics 2018, 5, x FOR PEER REVIEW 5 of 10 respectively. As the SEM image of the particles indicates, the diameter distribution (coefficient of variation (CV)) of the particles was ca. 7%. After grafting the PHEMA, the dried hairy PDA particles have coarser surfaces than the P(DA-BiBB) particles, but they apparently maintain monodispersity. The volume-average diameters of the P(DA-BiBB)-g-PHEMA particles in water, as measured by DLS, are ca. 220 nm, which are larger than the ca. 173 nm of the core P(DA-BiBB) particles, indicating that the P(DA-BiBB)-g-PHEMA particles have hydrated PHEMA layers of ca. 24 nm in thickness (Figure 4c ). The particles obtained were well dispersed in the water. As shown in Figure 4d , the water dispersion of the P(DA-BiBB) and P(DA-BiBB)-g-PHEMA particles showed black colors, which is a typical absorption color of PDA. In accordance with our previous report [11] , the P(DA-BiBB) and P(DA-BiBB)-g-PHEMA particles (10 wt% in water) in the quartz cells were centrifuged at 1500 rpm for 12 h. As shown on the left side of Figure 5a , a bright blue structural color was obtained after the centrifugation of the samples using P(DA-BiBB) particles (solid concentration: ca. 50 wt% in water). In contrast, the assembly of P(DA-BiBB)-g-PHEMA particles showed green structural colors, suggesting a redshift of the reflectance spectrum (Figure 5a, right side) . The photographs of the same samples viewed from another angle are shown in Figure 5b . It was suggested that a non-iridescent color was obtained, as neither of the structural colors changed color. Figure 5c shows the normalized reflection spectra of the samples. The spectrum of the blue sample prepared from the P(DA-BiBB) particles had a reflection peak at 473 nm. The reflection peaks for the green sample were redshifted to 487 nm, suggesting an increase in the distance of the particles due to the PHEMA hairs. With the naked eye, the structural color did not depend on the angle (vide supra). The reflection spectra were measured at different angles by fixing the light source and sample, and by rotating the detector. Figure 5d is a plot of λmax of the reflection spectrum as a function of the detection angles. The reflection spectra that were obtained at several different angles for each sample were relatively the same, clearly indicating the formation of non-iridescent structural colors. In accordance with our previous report [11] , the P(DA-BiBB) and P(DA-BiBB)-g-PHEMA particles (10 wt% in water) in the quartz cells were centrifuged at 1500 rpm for 12 h. As shown on the left side of Figure 5a , a bright blue structural color was obtained after the centrifugation of the samples using P(DA-BiBB) particles (solid concentration: ca. 50 wt% in water). In contrast, the assembly of P(DA-BiBB)-g-PHEMA particles showed green structural colors, suggesting a redshift of the reflectance spectrum (Figure 5a, right side) . The photographs of the same samples viewed from another angle are shown in Figure 5b . It was suggested that a non-iridescent color was obtained, as neither of the structural colors changed color. Figure 5c shows the normalized reflection spectra of the samples. The spectrum of the blue sample prepared from the P(DA-BiBB) particles had a reflection peak at 473 nm. The reflection peaks for the green sample were redshifted to 487 nm, suggesting an increase in the distance of the particles due to the PHEMA hairs. With the naked eye, the structural color did not depend on the angle (vide supra). The reflection spectra were measured at different angles by fixing the light source and sample, and by rotating the detector. Figure 5d is a plot of λ max of the reflection spectrum as a function of the detection angles. The reflection spectra that were obtained at several different angles for each sample were relatively the same, clearly indicating the formation of non-iridescent structural colors. In the structural color from the assembly of particles, the peak value is estimated based on Bragg's law, Equation (1) [27] .
where m is the order of diffraction; λ is the wavelength of light; ni and Vi are the refractive index and volume fraction of each component, respectively; d is the center-to-center distance between the nearest particles; and θ is the angle between the incident light and the diffraction crystal planes. The d value was calculated using Equation (1), assuming that Bragg's law holds (m = 1, θ = 90, and λ = 473 or 487 nm). The refractive index (n) is the effective refractive index of the particle/H2O composite. The packing factor is 0.74, as in the close-packed face-centered cubic (FCC) structure. Thus, ∑ = 0.74 × np 2 + 0.26 × ns 2 , where np and ns are the refractive indices of the particles and solvent, respectively (H2O: ns = 1.33). The refractive index of the P(DA-BiBB) and P(DA-BiBB)-g-PHEMA particles (np) was set to 1.76, as we have previously reported that the refractive index of PDA is ca. 1.76 [12] . The center-to-center distance between the particles for P(DA-BiBB) and P(DA-BiBB)-g-PHEMA was estimated to be ca. 207 nm and 213 nm, respectively, which is relatively comparable to the actual particle diameters measured by DLS (vide supra). As shown in the schematic diagram of Figure 5e , the apparent particle size increases with the presence of PHEMA hair, and, as a result, the structural color was redshifted. In the structural color from the assembly of particles, the peak value is estimated based on Bragg's law, Equation (1) [27] .
where m is the order of diffraction; λ is the wavelength of light; n i and V i are the refractive index and volume fraction of each component, respectively; d is the center-to-center distance between the nearest particles; and θ is the angle between the incident light and the diffraction crystal planes. The d value was calculated using Equation (1), assuming that Bragg's law holds (m = 1, θ = 90, and λ = 473 or 487 nm). The refractive index (n) is the effective refractive index of the particle/H 2 O composite. The packing factor is 0.74, as in the close-packed face-centered cubic (FCC) structure. Thus, ∑ i n 2 i V i = 0.74 × n p 2 + 0.26 × n s 2 , where n p and n s are the refractive indices of the particles and solvent, respectively (H 2 O: n s = 1.33). The refractive index of the P(DA-BiBB) and P(DA-BiBB)-g-PHEMA particles (n p ) was set to 1.76, as we have previously reported that the refractive index of PDA is ca. 1.76 [12] . The center-to-center distance between the particles for P(DA-BiBB) and P(DA-BiBB)-g-PHEMA was estimated to be ca. 207 nm and 213 nm, respectively, which is relatively comparable to the actual particle diameters measured by DLS (vide supra). As shown in the schematic diagram of Figure 5e , the apparent particle size increases with the presence of PHEMA hair, and, as a result, the structural color was redshifted.
Control of Magnetic Behaviors
Magnetically responsive hair was formed on the surface of the P(DA-BiBB) particles, using C 12 DMAEMA as a monomer. A comparison of the IR spectra suggests that PC 12 DMAEMA is initiated by P(DA-BiBB) particles by SI-ATRP (pink line in Figure 3 ). As shown in Figure 6a , spherical P(DA-BiBB)-g-PC 12 DMAEMA particles with diameters of ca. 183 nm were obtained. From the DLS measurement of the particles in the water-dispersed state, the particle size of the P(DA-BiBB)-g-PC 12 DMAEMA particles increased to 226 nm, suggesting the formation of PC1 2 DMAEMA hydrated hairs of 19 nm (Figure 6b) . With reference to the method for preparing a Ho-supported surfactant, reported previously by us [21] , HoCl 3 ·6H 2 O was added to a methanol dispersion of the particles. As C 12 DMAEMA has quaternized nitrogen and is positively charged, we believe that it binds to HoCl 3 by electrostatic interactions. After stirring for 6 h, the particles were repeatedly purified by centrifugation, until the supernatant changed from a pink color to being colorless, which is a typical color of Ho. Figure 6c,d shows the SEM image of the P(DA-BiBB)-g-PC 12 DMAEMA*Ho particles together with the energy dispersive X-ray spectrometry (EDS) mapping data of Ho. The SEM images and Ho mappings overlapped, suggesting the formation of Ho-carrying particles. The amount of Ho carried on the particles was calculated using TG analysis. Under this condition, Ho is considered present, as Ho 2 O 3 . Assuming that the residue after the measurement was attributable to Ho, it was calculated that ca. 4.14 mmol of Ho was introduced per 1 g of particles.
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Conclusions
In conclusion, we prepared structural color materials from the assembly of P(DA-BiBB) particles or P(DA-BiBB)-g-PHEMA particles. The photonic materials prepared from both of the particles showed non-iridescent bright structural colors. The reflection peaks for the samples of the P(DABiBB)-g-PHEMA particles were redshifted to 487 nm from the 473 nm reflection peak of the samples of the P(DA-BiBB) particles. These structural color changes were caused by the increase in the distance of the particles as a result of the PHEMA hairs, suggesting that the structural color can be easily changed by the length of the water-soluble hair polymer. We also demonstrated the preparation of magnetic materials by introducing Ho by electrostatic interactions on PDA particles with cationic hair, PC12DMAEMA. The particles that were obtained were well dispersed in water and were collected by a neodymium magnet. These findings demonstrate the utility of hairy PDA particles for the production of various functional materials. 
In conclusion, we prepared structural color materials from the assembly of P(DA-BiBB) particles or P(DA-BiBB)-g-PHEMA particles. The photonic materials prepared from both of the particles showed non-iridescent bright structural colors. The reflection peaks for the samples of the P(DA-BiBB)-g-PHEMA particles were redshifted to 487 nm from the 473 nm reflection peak of the samples of the P(DA-BiBB) particles. These structural color changes were caused by the increase in the distance of the particles as a result of the PHEMA hairs, suggesting that the structural color can be easily changed by the length of the water-soluble hair polymer. We also demonstrated the preparation of magnetic materials by introducing Ho by electrostatic interactions on PDA particles with cationic hair, PC 12 DMAEMA. The particles that were obtained were well dispersed in water and were collected by a neodymium magnet. These findings demonstrate the utility of hairy PDA particles for the production of various functional materials.
